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The impact ofchemical, physical, and biological environmental factors on human health must be addressed by scientific risk assessment, a process that requires knowledge of exposure, dose response, and mechanisms. Suitable cell models are frequently used for basic research into effect monitoring at the cellular level. The cell system used for this study was the ciliated protozoan Tetrahymena pyniJormis. Tetrahymena, a typical eukaryotic cell, and mammalian cells have much in common in regard to their nutritional requirements, cell compartmentation, metabolic pathways, and sensitivity to cytotoxic substances (1) (2) (3) (4) (5) .
Cell culture has been used frequently as a test system for toxicity assessment in pharmacology (4, 6, 7) and ecotoxicology (8, 9) . By observing end points such as growth impairment (10) , modification of motility (7, 11) , and inner and outer morphology (6, 12, 13) , only the end result of changes in metabolism caused by harmful substances can be pinpointed. The purpose of this investigation was to identify metabolic changes in normal cell metabolism (biological effect monitoring), namely, at the level of amino acid and protein metabolism. The Tetrahymena cells generally require 11 essential amino acids, including arginine (14) . Because these eukaryotes lack the urea cycle present in mammals, the final product of nitrogen metabolism is ammonia (15, 16) .
The harmful substances we are interested in are volatile organic compounds (VOCs) with toluene as the representative compound. As air is the main exposure route for most VOCs, effects on target cells such as alveolar macrophages (1] ) and bovine bronchioepithelial cells (18) , the effect of toluene on amino acid metabolism in humans has not yet been satisfactorily darified (23) .
To date only a few articles have been published on 15N measurements of amino acids by gas chromatography/combustion interface-isotope ratio mass spectrometry/ mass spectrometry (GC/C-IRMS/MS) coupling (24) (25) (26) (27) (28) . None of these studies was designed to observe the use of an essential amino acid under the impact of a harmful substance using a 15N-labeled tracer.
Therefore, the aim of our study was to determine changes in the use of the 5N-labeled amino acid L-arginine by Tetrahymena pyriJbrmis under the impact of toluene using 15N emission spectrometry and a novel GC/C- 
Results
Both total ammonia and its 15N content were enhanced in the toluene-exposed cultures by 30% and 43%, respectively (Fig.  2) . The amounts reflect a cultivation period of 24 hr. All detectable amino acids of the cell proteins (except threonine and lysine) showed an increase in 15N enrichment in both the control and toluene-exposed cultures. However, in the toluene-exposed cells the amino acids alanine, glutamic acid, aspartic acid, and tyrosine were additionally enriched by 10-25 delta units (Fig. 3) . In a number of chromatograms, additional peaks of nonproteinogenic amino acids such as N0-acetylarginine and pyrrolidonecarboxylic acid were observed. The structure of N"-acetylarginine was elucidated using MS-MS technology (data not shown). The mass spectrum of pyrrolidonecarboxylic acid is shown in Figure 4 .
In the NPN pool, which contains the sample after cleanup, mainly the free amino acids of the cells, differences were detected in the 15N-enrichment in various amino acids, but so far these differences are not reproducible because of the very low amino acid concentrations. The presence of the metabolites ornithine and aminoadipinic acid was established using organic MS. Medium samples examined at the end of each cultivation period indicated no significant differences in most amino acid compositions and 15N enrichment (Fig. 5 ). There were detectable amounts of high enriched glutamic acid in the medium of the toluene-exposed culture. Ornithine was released into the nutritional medium by both control and toluene-exposed cultures.
Discussion
This is the first stable isotope (nonradioactive) study into changes induced by pollutants in the amino acid utilization of a cell system related to mammalian cells. With Tetrahymena pyriformis, conventional toxicity tests are usual and are performed using certain complex media (6, (10) (11) (12) (13) . In this investigation a combination of the chemically defined media (29) regarding salts, trace salts, and vitamins and of certain amino acid composition (14) was chosen to ensure defined conditions for reproducible isotopic and mass spectrometric analyses. Our working hypothesis was that the impact of a pollutant should be reflected in changes in both the amount and the 15N abundance ofnitrogen in the various pools.
The growth of Tetrahymena pyriformis is accompanied by the secretion of ammonia as the end product of nitrogen metabolism (which includes many metabolic processes). An increase in ammonia production may be caused by gluconeogenesis and the formation of glycogen from amino acids (34, 36) , or alternatively by protein degradation under conditions of oxygen deficiency (35) . In our case the ammonia production under toluene exposure indicates intracellular metabolic changes with increased deamination activity and increased use of arginine. L-Arginine is an essential amino acid for Tetrahymena pyriformis and is a precursor for proline synthesis (37) . In the mammalian liver cells, the guanidino group is split off from arginine, as urea and amino acids normally play a minor role in energy production. But arginine plays a key role in various physiological processes (38) . In Tetrahymena pyriformis, however, the two-step hydrolytic cleavage results in ammonia formation and provides energy (14, 39 There is also a tyrosine aminotransferase (41) whose activity seems to increase under the influence of toluene owing to the more greatly enriched tyrosine. The amounts of amino acids in the protein hydrolysate of nonexposed and exposed cells seem to be equal. This will have to be confirmed by quantitative analyses with an internal standard.
Attempts have already been made in occupational medical research (23, 42) to identify specific effects on amino acid and protein metabolism resulting from workplace exposures by measuring plasma amino acid concentrations. Due to the lack of isotopic markers, this has only been partly successful because amino acids are involved in many metabolic processes.
To our knowledge, the presence of the metabolites pyrrolidonecarboxylic acid and of N0-acetylarginine has not yet been reported in publications dealing with Tetrahymena pyriformis. Pyrrolidonecar-boxylic acid presents the ring condensation product of glutamic acid and has been proposed as a protective protein end group against proteolytic degradation (43). We assume that this results from intracellular reactions because of the noticeably higher amounts of pyrrolidonecarboxylic acid compared to its formation in standard mixtures. In the arginine pathway of both mammalian cells and Tetrahymena pyriformis, pyrrolinecarboxylic acid is normally formed from glutamic semialdehyde. The existence of the keto group was established by calculations from mass spectrometric data.
Our MS fragmentation study permits the conclusion that arginine is acetylated in the guanidino group. So far only Na-acetylated amino acids are well known compounds in biochemical reactions and have specific functions in metabolism; the most frequently observed acetylated residues are amino acids other than arginine (44) . NOL acetylated arginine can be detected in a rare hereditary disorder of the urea cycle, which causes hyperargininemia (45) .
The aminoadipic acid detected in the pool of free amino acids (NPN) is a known intermediate of the lysine pathway and ornithine of the arginine pathway. The formation of the latter is caused by physiological activity, as during the derivatization procedure of arginine alone, only traces of ornithine developed. The formation of unlabeled ornithine can take place in arginine catabolism or the formation oflabeled ornithine can take place by transamination ofglutamic semialdehyde.
The amino acids in the nutritional medium showed no differences. Ornithine and glutamic acid were detected, which conforms with the findings of other authors (14, 46) . The high 15N enrichment of glutamic acid may point out that this compound is a secretion whose purpose is to release ammonia from the cell. But when there are also detectable amounts of glutamic acid in the control culture, it may be that this indicates 15N abundances similar to those in the toluene-exposed culture. Due to the high concentrations of added amino acids, it is difficult to detect the low concentrations of amino acids secreted by the cells. This problem will have to be addressed in further experiments.
Conclusions
The impact of toluene is reflected in metabolic changes in the use of arginine. Qualitative analysis of amino acids must be augmented by quantitative analysis to assess changes in amino acid synthesis rates. Because of the possibility that arginine serves as an energy source in Tetrahymena pyriformis, examining the use of other essential amino acids would be of interest. In addition, the effect of other harmful substances (including mixtures) could be studied.
Environmental medicine requires effectmonitoring methods to detect effects of exposure to harmful substances in addition to determining internal exposure by analyzing biotransformation products. This pilot study is a first step. We believe that the use of the 15N tracer technique in combination with the sensitive GC/C-IRMS/MS coupling provides a powerful tool for the development of such diagnostic methods.
